A novel cosmid (pABC6.5) whose DNA insert from Streptomyces capreolus, the A201A antibiotic producer, overlaps the inserts of the previously reported pCAR11 and pCAR13 cosmids, has been isolated. These two latter cosmids were known to contain the aminonucleoside antibiotic A201A resistance determinants ard2 and ard1, respectively. Together, these three cosmids have permitted the identification of a DNA stretch of 19 kb between ard1 and ard2, which should comprise a large region of a putative A201A biosynthetic (ata) gene cluster. The sequence of the 7 kb upstream of ard1 towards ard2 reveals seven consecutive open reading frames: ataP3, ataP5, ataP4, ataP10, ataP7, ata12 and ataPKS1. Except for the last two, their deduced products present high similarities to an identical number of counterparts from the pur cluster of Streptomyces alboniger that were either known or proposed to be implicated in the biosynthesis of the N 6 ,N 6 -dimethyl-3¢-amino-3¢-deoxyadenosine moiety of puromycin. Because A201A contains this chemical moiety, these ataP genes are most likely implicated in its biosynthesis. Accordingly, the ataP4, ataP5 and ataP10 genes complemented specific puromycin nonproducing Dpur4, Dpur5 and Dpur10 mutants of S. alboniger, respectively. Amino acid sequence comparisons suggest that ata12 and ataPKS1 could be implicated in the biosynthesis of the D-rhamnose and a-p-coumaric acid moieties of A201A. Further sequencing of 2 kb of DNA downstream of ard1 has disclosed a region which might contain one end of the ata cluster.
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Nucleoside antibiotics constitute an important group of microbial secondary metabolites that include a variety of structural modifications of nucleosides and nucleotides. Nucleosides and nucleotides participate in essential biochemical processes as cofactors, energy donors, secondary messengers, etc. Hence, it is not surprising that known nucleoside antibiotics have a wide range of modes of action as antibacterial (puromycin), plant antifungal (blasticidin S, mildiomycin), antiviral (oxetanocin, Ara-A), antitumoral (oxanosine, neplanocin A), herbicidal (polyoxins), insecticidal (nikkomycins), inmunostimulative and inmunosuppressive agents (bredinin) (reviewed in [1] ). A201A is one of these antibiotics, which is produced by Streptomyces capreolus NRRL 3817. It is highly active against Gram positive aerobic and anaerobic bacteria and most Gram negative anaerobic species. In contrast, it has a low toxicity for aerobic Gram negative bacteria, some fungi and mammals [2] . Its chemical structure has been reported ( Fig. 1) . It has the N 6 ,N 6 -dimethyl-3¢-amino-3¢-deoxyadenosine (aminonucleoside) moiety of puromycin from Streptomyces alboniger. It also contains a polyketide (a-methyl-p-coumaric acid) and an unsaturated furanose moiety, which are closely related to similar structures found in hygromycin A from Streptomyces hygroscopicus [3, 4] . These similarities suggest that certain enzymes, and therefore the corresponding genes of the A201A biosynthetic pathway, may be related to their counterparts of the puromycin and hygromycin A biosynthetic pathways, respectively.
The puromycin biosynthetic gene cluster (pur) from S. alboniger is partially characterized. It has been expressed in a regulated manner from a variety of plasmids in Streptomyces lividans and Streptomyces griseofuscus. Its complete nucleotide sequence, as well as additional biochemical work, has led to the proposal of a puromycin biosynthetic pathway that starts with ATP [5, 6] . This pur cluster comprises 10 open reading frames (ORFs), of which pur3, pur4 and pur5 appear to encode monophosphatase, aminotransferase, and N-methyltransferase activities, respectively. In addition, pur7 and pur10 encode nudix (NTP-pyrophosphohydrolase) and NAD-dependent ATP dehydrogenase activities, respectively [7] [8] [9] . These five proteins appear to be implicated in the biosynthesis of the aminonucleoside moiety of puromycin, a structure also present in A201A.
In actinomycetes, it is well established that genes implicated in antibiotic biosynthesis, including those encoding self-resistance, are clustered [10, 11] . Therefore, it may be expected that genes involved in A201A biosynthesis in S. capreolus are also clustered with those encoding resistance conforming a hereafter named ata (for A two zero one A) cluster. In this respect, cosmids containing two A201A resistance determinants, ard1 and ard2 from S. capreolus, were previously isolated and partially characterized [12, 13] . Upstream (120 bp) of ard1, an incomplete ORF (named hereafter ataP3) that would encode a monophosphatase was found [13] . This putative activity would be a counterpart of the pur3 gene product from the pur cluster [6] . This finding suggests that, similarly to the pur cluster, next to this ORF there should be additional genes encoding other proteins implicated in the biosynthesis of the aminonucleoside moiety of A201A. Here we report the sequencing of a total of 6946 bp, which include the ata genes most likely implicated in the biosynthesis of this moiety of A201A. Evidence for the functional identification of three of these genes is presented.
M A T E R I A L S A N D M E T H O D S
Bacterial strains, plasmids, media and cultural conditions Streptomyces capreolus NRRL3817, the A201A producer [3] , Streptomyces lividans 66(1326) [14] , Streptomyces alboniger ATCC12461, the puromycin producer [6] , the non producer mutant strain S. alboniger Dpur10 [8, 9] , Escherichia coli DH5a [15] and E. coli HB101 [16] are described in the indicated references. E. coli plasmids were ÔBluescriptÕ SK (pBS; Stratagene), pUC18, pUC19 and pUO9090 (a pUK21 derivative plasmid provided by Prof J. A. Salas) [17] [18] [19] . Streptomyces vector pIJ702 and the nonoverlapping cosmids pCAR11 and pCAR13 containing the A201A resistance determinants ard2 and ard1, respectively (Fig. 2) , were described elsewhere [12] [13] [14] . pGM9, a replication thermosensitive plasmid, was previously described [22] . Plasmid pFV8 is a pIJ702 derivative, which expresses a puromycin N-acetyltransferase (Pac) activity and includes pur5 from pur cluster [20, 21] . pSEXP0.2, a pIJ702 derivative plasmid carrying pur10 from pur (nucleotides 2611-4490) was described in [8] . pSEXP4.2 is a pIJ702 derivative plasmid carrying pur4 from pur (nucleotides 5986-8012) [9] . Plasmids pA2A10, pA2A5 and pA2A4 include BsmAI (nucleotides 2613-4928), DdeI-HindII (nucleotides 5304-6285) and PstI-NotI (nucleotides 3995-5863) fragments from S capreolus into the SphI-SstI, SphI-BglII and SphISstI replicon fragments of pIJ702, respectively (Figs 2 and  3 ). These three plasmids were constructed via pUC18.
To construct a S. alboniger Dpur4 mutant, a NotI fragment from the pur cluster (nucleotides 3954-9039) was isolated and then its nucleotides 6204 to 7359 were deleted by substitution with a hyg gene that lacked a transcription terminator. The resulting fragment only contains the initial 67 bp and the final 68 bp of the pur4 coding sequence. It was inserted in plasmid pGM9. The resulting construct was introduced, via S. lividans, into S. alboniger. Several Dpur4 mutants were isolated as described [22] . The correct genotype from several mutants was assessed by Southern blotting (data not shown). Similarly, a S. aboniger Dpur5 mutant was prepared, except that in a SmaI fragment (nucleotides 6141-9163) from pur a hyg gene was introduced to replace a SAMdependent methyltransferase domain (nucleotides 7522-7899). Several Dpur5 mutants were isolated. Their correct genotype was assessed by Southern blotting (data not shown).
E. coli was grown in liquid or agar LB (Luria-Bertani) [23] . In the presence of hygromycin B (50 lgAEmL )1 ), NaCl was not added to this media. When required, ampicillin was added to a final concentration of 100 lgAEmL )1 . Growth of S. capreolus took place in liquid media NE (10 gAEL )1 glucose, 2 gAEL )1 yeast extract, 1 gAEL )1 beef extract, 2 gAEL )1 casaminoacids, pH adjusted to 7.0 with KOH), S containing 2 mM MgSO 4 [5] , or TSB [14] . As solid media, R5 [14] , S containing 5 mM MgSO 4 [5] or MEY (20 gAEL )1 agar, 10 gAEL )1 maltose, 4 gAEL )1 yeast extract and 0.001% CoCl 2 , pH adjusted to 7.0 with NaOH) supplemented with sterile 8 mM Ca(NO 3 ) 2 before plating were used. S. lividans was grown in either NE or YEME plus 34% sucrose and 5 mM MgCl 2 [14] . S. alboniger was grown in liquid S media [5] containing 5 mM MgSO 4 . When required, thiostrepton was used at a final concentration of 10 lgAEmL )1 and 25 lgAEmL )1 in liquid and agar media, respectively, whereas hygromycin B was added to a final concentration of 200 lgAEmL
Transformation of E. coli and S. lividans was performed according to Hopwood et al. [14] . Transformation of S. alboniger was performed according to Pigac et al. [24] or to a modification of Hopwood et al. [14] .
Nucleic acids methodology
Plasmid and total DNA from Streptomyces and E. coli were prepared as described [14] . As S. capreolus is lysozyme resistant, total DNA extraction was carried out by freezing mycelium with liquid nitrogen and grinding in a mortar with a pestle. The resulting powder was resuspended in 10.3% sucrose, 25 mM EDTA and 25 mM Tris pH 8; then SDS was added to final concentration of 1%. From this point, the procedure described in Hopwood et al. [14] was followed. DNA sequencing was made by the dideoxy-chain termination method [25] using the Amplitaq dye-terminator sequencing system (Perkin Elmer) on an automated DNA sequencer (Applied Biosystems, model 377). Forward, reverse and custom-made oligonucleotides (Isogen Bioscience) were used as required. DNA fragments used as probes were labelled using [a- 32 P]dCTP following the random oligonucleotide primers procedure [26] . Southern blot hybridizations were carried out as described [26] using Zeta-Probe GT membranes (Bio-Rad).
A S. capreolus library [13] was screened by colony hibridization [26] on nitrocellulose Hybond-N TM membranes (Amersham) using as probes DNA fragments from the ends of the inserts of cosmids pCAR11 and pCAR13. This permitted the isolatatiom of cosmid pABC6.5, which overlaps these two cosmids (Fig. 2) . Appropriate restriction fragments from pABC6.5 and pCAR13 were subcloned in pBS and then sequenced.
Computer analysis
Current methodology was employed to analyze nucleotide and amino acid sequences [27] [28] [29] .
Determination of puromycin
Puromycin was extracted from culture filtrates with chloroform as described elsewhere [5] . It was identified by thin layer chromatography (TLC) on Silica Gel60 F 254 (Merck, Darmstadt) using ethylacetate/methanol (3 : 1, v/v) as solvent [5] . Plates were examined under UV light (254 nm). Further identification and quantification of puromycin were achieved by a Pac enzymatic assay [21] .
Preparation of 3¢-amino-3¢-deoxyadenosine 3¢-amino-3¢-deoxyadenosine was obtained from Helminthosporium sp. ATCC20154 as described [30] , except that starch was used instead of cerellose.
Chemical complementation of S. alboniger Dpur4 mutants
To study complementation of S. alboniger Dpur4 mutants with 3¢-amino-3¢-deoxyadenosine, S medium cultures (5 mL) either in the presence or absence of 30 lgAEmL
3¢-amino-3¢-deoxyadenosine were inoculated with spores of the different strains. Incubation took place on a rotary Fig. 2 . Restriction map of the inserts from several cosmids and gene organization. DNA fragments sequenced in this work are in black boxes, whereas those sequenced previously are in dashed boxes. Cosmids pCAR11 and pCAR13, which contain the A201A resistant determinants ard2 and ard1, respectively, are modified from Barrasa et al. [12, 13] . As a comparison, the gene organization of the pur cluster is shown at the bottom of this figure.
The asterisks indicate restriction sites that are not unique in the drawn DNA fragments. They are referred to in the text.
shaker at 30°C. Puromycin production was then determined in culture filtrates by a Pac assay [21] .
Nucleotide sequence accession number
The sequence reported here was submitted to the EMBL database as a modification of accession number X84374.
R E S U L T S
The ata genes and their deduced proteins Cosmid pABC6.5, which overlaps cosmids pCAR11 and pCAR13, was isolated as indicated under Materials and methods. These latter cosmids contain the A201A resistance determinants ard2 and ard1, respectively [12, 13] (Fig. 2) . Together the three cosmids define a continuous stretch of DNA of approximately 50 kb, which might include most of the ata cluster. In this respect, upstream of the ard1 resistance gene we detected seven complete ORFs. Of these, six were located immediately upstream of and oriented in the same direction of transcription as ard1, whereas the seventh one was in the opposite orientation (Figs 2 and 3) . The deduced products of five of these contiguous ORFs showed similarities with several products from the pur cluster of S. alboniger [6] . They were accordingly named ataP3, ataP5, ataP4, ataP10 and ataP7. The two additional ones were named ata12 and ataPKS1 (Figs 2 and 3 ). All shared a codon usage and a G+C content at the third position typical of Streptomyces [28] . Other characteristics of these ORFs, including putative ribosomal binding sites, )10 and )35 regions, consensus sequences, etc., are indicated in Fig. 3 .
ataP3, ataP4, and ataP5 encode peptides (AtaP3, AtaP4 and AtaP5) that are highly similar to Pur3, Pur4 and Pur5 from the pur cluster (Table 1 ) [6] . These latter (Fig. 2) . The deduced amino acid products are indicated in the one-letter code under the DNA sequence. Possible ribosomal binding sites are indicated by dotted lines. Putative translation initiation and termination codons are in bold letters. The start and direction of each ORF are indicated by horizontal arrows and named accordingly. Putative )10 and )35 regions of ata12 and ataPKS1 are overlined. Restriction sites with asterisk are not unique in the sequence. Proposed motives of the putative proteins are boxed. Small letters correspond to previously reported sequences, which were confirmed here [12, 13] .
sequences were proposed to have phosphatase, aminotransferase and methyltransferase activities, respectively [6] . Therefore, similar activities should be shared by their ata cluster counterparts. In addition, ataP7 and ataP10 encode peptides (AtaP7 and AtaP10) that are highly similar to Pur7 and Pur10 from the pur cluster, respectively (Table 1) [6] . Whereas Pur7 has a pyrophosphatase activity, which converts 3¢-amino-3¢-dATP into 3¢-amino-3¢-dAMP and pyrophosphate [7] , Pur10 is an NAD-dependent ATP dehydrogenase [6, 8] . Consequently, AtaP7 and AtaP10 should display similar activities, respectively. ata12 encodes a 340 residue protein (Ata12) that shows a high similarity to GDP-D-mannose and other hexose dehydratases (data not shown) (Fig. 3) . A variety of these enzymes synthesize 4-keto-6-deoxy-GDP-D-mannose, a key intermediate in the biosynthesis of many deoxyhexoses as GDP-D-rhamnose [31, 32] , which is a moiety of A201A. Upstream of ata12 we found ataPKS1, which is transcribed in the opposite orientation (Figs 2 and 3 ). ataPKS1 encodes a putative peptide of 436 residues that contains an acyltransferase domain highly similar to that of the type I (single multifunctional enzymes) and type II (multienzyme systems) polyketide synthetases (PKS; data not shown) [33, 34] . In contrast, its similarity to type III PKSs, which lack this domain, is scant. This domain promotes the binding of the acyl-CoA initiation unit to the ketosynthetase domain of the PKSs for polyketide biosynthesis [35] . Therefore, AtaPKS1 could be an acyltransferase, which should be implicated in the biosynthesis of the A201A polyketide moiety.
A 2064-bp fragment-3¢ of ard1 was also sequenced ( Fig. 2; data not shown). The719 bp immediately downstream of the ard1 stop codon did not contain putative ORF(s). This might suggest that this region is an end of the ata cluster. However, a significant stem loop, which could suggest a transcriptional termination site, was not detected. Downstream of this region, two additional putative ORFs with typical Streptomyces codon usage were found. Because they might not belong to the ata cluster, they were provisionally named ORFA and ORFB (Fig. 2) . The deduced amino acid sequence of ORFA (294 residues) showed no significant similarities with sequences present in data bases. The deduced amino acid sequence of ORFB (108 residues) is highly similar to thioredoxins (data not shown), which are general disulphide oxidoreductases [36] .
Ata genes complement puromycin nonproducing S. alboniger mutants
Identification of the function of a gene product may be achieved by a variety of assays including gene complementation of the relevant mutant in the organism under study or of a similar gene mutant in a different organism. In these respects, S. capreolus, despite thorough attempts, was not amenable to the recombinant DNA techniques that are employed to prepare specific mutants. Therefore, we used the latter approach to identify the function of several ataP genes by analyzing the complementation of S. alboniger strain mutants for pur10, which was previously described [8, 9] , and those for pur4 and pur5, which were obtained in this work (Materials and methods). These mutants contain partial deletions in the relevant genes and are defective in puromycin production (Table 2 ) [8, 9] . Plasmids pFV8, pSEXP4.2 and pSEXP0.2 (pIJ702 derivatives described in Materials and methods) containing pur5, pur4 and pur10, respectively, were used for the homologous complementation assays. The ataP5, ataP4 and ataP10 genes were also independently inserted in the pIJ702 vector and the resulting plasmids pA2A5, pA2A4 and pA2A10, respectively (Materials and methods), were used for heterologous complementation. All gene insertions were downstream of the tyrosinase gene (mel) promoter of pIJ702. The three S. alboniger mutant strains were transformed with the corresponding plasmids. As controls, S. alboniger and these three mutant strains were transformed with pIJ702. The three S. alboniger mutants regained the ability to produce puromycin when either the corresponding deleted pur gene or the heterologous ataP gene was present (Fig. 4) . In addition, puromycin production was quantified in culture filtrates by means of the highly specific Pac reaction [20, 21] . The results (Table 2) confirmed the complementation and the regaining of production by the mutant strains. These findings clearly indicated the correlation between sequence similarities and conservation of enzymatic functions of AtaP10/Pur10, AtaP5/Pur5 and AtaP4/Pur4. Curiously, puromycin production in the complemented mutants is only approximately one-third that from the S. alboniger (pIJ702) control (Table 2 ). It is possible that the alteration of the high copy number vector by the insertion of the different genes is not neutral for the physiology, including puromycin production, of the transformants.
Chemical complementation of S. alboniger Dpur4 mutants
Complementation of metabolite nonproducing mutants with putative intermediates is also a widespread experimental approach to establish specific biosynthetic steps. In the case of the aminonucleoside moiety of A201A and puromycin, 3¢-amino-3¢-dA could be an intermediate. The availability of S. alboniger Dpur4 mutants, which could not perform 3¢-amino addition, as well as 3¢-amino-3¢-dA, offered an opportunity to test this possibility. Therefore, this compound was used in a complementation assay with two S. alboniger Dpur4 mutants. The results indicated that this mutation was clearly complemented by 3¢-amino-3¢-dA, which suggested that it is an intermediate of the aminonucleoside moiety of puromycin and, consequently, A201A (Table 3 ). In contrast, the S. alboniger Dpur5 mutant was not complemented by this substrate (data not shown), which is in agreement with the proposed encoded activity from pur5.
D I S C U S S I O N
In Actinomycetes, the antibiotic biosynthetic gene clusters generally comprise a single stretch of DNA, which includes the genes for self-resistance, enzymatic activities and regulation. In this work, a fragment of at least 19 kb from S. capreolus, which is comprised between two genes (ard1 and ard2) that determine resistance to the antibiotic A201A [12, 13] has been found to include a number of genes of its biosynthetic (ata) gene cluster. Downstream of ard1 there seems to be one end of this cluster (Fig. 2) . Indeed, this region contains a sequence of 719 residues with apparently noncoding potential, which is continued by two putative coding regions, one with no similarity to known sequences and the other with similarity to a group of enzymes (thioredoxins) that most likely do not play a role in A201A biosynthesis. In contrast, upstream of ard1 there are six contiguous coding sequences with identical orientation (Figs 2 and 3A ). Of these, five (ataP3, ataP5, ataP4, ataP10 and ataP7) are highly similar to known or putative genes that are known or proposed to be implicated in the biosynthesis of the aminonucleoside moiety of puromycin [6] [7] [8] . Interestingly, their organization is identical to that of the pur cluster, with the exception of pur6, which is absent from the S. capreolus genome ( Fig. 2 ; data not shown). These findings are not surprising given the structural homology of A201A and puromycin (Fig. 1) . Curiously, the ataP10 gene lacks a TTA codon, which is present in the pur10 gene and seems to play a role in the expression of the pur cluster [6, 37] . Concerning the enzymatic activities encoded by these ataP genes, we propose that they should be identical to the activities encoded by their counterparts from the pur cluster. Indeed, our gene-complementation experiments with the relevant S. alboniger disruption mutants indicate that the ataP5, ataP4 and ataP10 genes from the ata cluster are implicated in functions identical to those of the similar genes of the pur cluster. In Actinomycetes, this approach has led to the functional characterization of genes implicated in the biosynthesis of a variety of antibiotics for which mutants in the producing strains were not available. Thus, complementation of Streptomyces galilaeus mutants blocked in anthracyclines production has led to the study of genes implicated in nogalamycin biosynthesis from Streptomyces nogalacter [38, 39] . Similarly, complementation experiments carried out with blocked mutants of Saccharopolyspora erythraea, the erythromycin-producing organism, has permitted the isolation of Streptomyces antibioticus genes implicated in oleandomycin biosynthesis [40] . Gene analyses and enzymatic assays suggest that the biosynthetic pathways of the aminonucleoside moieties of A201A and puromycin start from ATP [6] . This metabolite should be converted into 3¢-keto-3¢-didehydroATP by the NAD-dependent ATP dehydrogenase AtaP10/Pur10 [8] (Fig. 5) . Although the product of this reaction could not be isolated due to its extreme instability, the formation of a-3¢-ketone derivative should be necessary for the action of the putative transaminases AtaP4/Pur4 [41] to give rise to 3¢-amino-3¢-dATP. This intermediate is a strong inhibitor of RNA polymerase, which therefore should be detoxified by the nudix (housekeeping) pyrophosphatases Pur7/AtaP7 to produce a nontoxic-3¢-amino-3¢-dAMP [42] . Indeed, this detoxification was observed to take place in vitro [7] . This latter intermediate might be dephosphorylated by the putative monophosphatases AtaP3/Pur3. This possibility is strongly supported by our finding that puromycin nonproducing S. alboniger Dpur4 mutants are complemented by 3¢-amino-3¢-dA. Alternatively, this compound could be 5¢-phosphorylated by a putative adenosine kinase, as it happens in intact Ehrlish ascites cells [42] . However, to our knowledge no such activity has been described in prokaryotes and we were unable to detect the relevant gene in the known Streptomyces coelicolor genome. In addition, 3¢-amino-3¢-dA is tyrosinylated at the 3¢-amino group by Pur6 from S. alboniger to produce tridemethyl-puromycin, which could be the next step in puromycin biosynthesis (M. A. Rubio et al. in preparation). Concerning dimethylation at N 6 , which would be performed by the putative SAM-dependent methyltransferases Pur5/AtaP5, it is not yet known on which intermediate it takes place. Therefore, the work presented here and elsewhere [6] [7] [8] suggests that ataP3/pur3, ataP4/pur4, ataP5/pur5, ataP7/pur7 and ataP10/pur10 are responsible for synthesizing the aminonucleoside moiety of A201A and puromycin by S. capreolus and S. alboniger, respectively.
Considering that most, if not all, of the genes between ard1 and ard2 are part of the ata cluster, ata12 and ataPKS1 should also pertain to it. Further sequencing of the ata cluster could provide an insight into the biosynthetic pathway of the other moieties of A201A and provide probes which may be useful to identify genes of the hygromycin A biosynthetic gene cluster of S. hygroscopicus.
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